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ABSTRACT

1'his paper describes key features of the instruinent, spacecr aft, and missi on design for the Precision Opti cal
IN'Terferometer in Space (POINTS), which have evolved through studies at the Jet Propulsion I4ab oratory during the
last few years. ‘This paper complements others in this voluine that describe the POINTS instrumnent, its scientific
objectives, and specific engineering concerns. Design of the flight-systein configuration has been driven by several
considerations. Since the I1ost amnbitious science goals require access to alarge portion of the sky most of the time,
minimal systematic errors, and a 10-year misston life, ahigh Barth orbit (higher than 50,000 kin) is preferred; the
nosinal has been taken to be a circular orbit of 100,000 -kry, radius. Inorder to provide a very uniforin thermal
c‘nviromncnt for theinstrument, a solar shield subporting an@'ray of solar cells is 111U nted 011 a boom and gimballed
alot ¢ two axes so as to remain pointed at the ST and to provide constant shade for the entire spacceraft. Silicon cells
covering shout 85% of the roughly 4.8-1- djameter shicld and operating at about 100 deg C could supply sufficient
power for al O-year mission life. A unibody design was sclected in which the instrument and spacecraft bus are
solidly attachedto form a single rigid body. Full pointiug freedomn for the instrument is provided by articulation of
the solar shicldabout two axes plus roll of the entire spacceraft around the Suty dircction.  With the high orbit and
Sun facing, geomnetrically simple spacecraft configuration, the eflects of solar radiation pressure  the only significant
external disturbance to spacecraft acccleration  ¢anbemodeled accurately cnou gh to guarantee no comnpromise in
the accurate velocity determination needed to correct astrometric measurements for stellar aberration.

The principal mechanisis for POINTS include that which accomplishes the few-degree articulation between the
two orthogonal interferom eters, the two gimbal actuators between the solar shield and the spacecraft, and the reaction
wheels used for spacecraft attitude control. The designs for these arc discussed. Cold-gas thrusters have been included
for spacceraft angular inomentum management, although solar- pressure torque also couldbe used for axes other than
the Sunline. A layered thermal control system provides inillidegree teinperature stability over periods of upto several
hours for critical instruinent optical clements.

Systemns issues discussed here include launch scquence, power requirements, spacceraft velocity deterinination,
anid telemetlry and data storage.  The proposed launch vehicle is an Atlas ITAS with a Centaur upper stage, plus
a salid -fuel rocket motor for orbit circularization. Spacecraft velocity determination is accomplished by tracking a
(~=1'$;-like beacon onthe spacccraft with the existing ground-based network of GPSreceiving antennas. ‘This method
is predicted to be easily capable of deterimining velocity Lo an” accuracy of 0.6 111111/s, suflicient to correct for stellar
aberrationto 0.4 microarcseconds (yeas). Felemetry requirements can be met with_ S- or X-band downlinks to existing
ground-based antennas, and data storage on the spacecraft can be handled with a 900-1 negabyte sc)lid-state mcinory
such as that basclined for the upcomnig Cassing mssion,

1. INTRODUCTION

Since1989, NASA's Jet Propulsionl.aboratory QJ}’L)and the Smithsonian Astrophysical Observatory (SAQ) have
been collaborating 011 the design of and technologydeevelopment for an orbiting astrometric interferometer that would
be capable of cstablishing a global optical reference fraine and measuring angular positions of roughly 1000 additional
stars and astrophysical objects with a nominal incasurement precision of five microarcseconds (b jras), in a mission
lasting several years. To serve as thebasis for adefinitive scarch for giant planets around other stars, observations
would have to be repeated several times per year for aslong as10 years. ! ‘The bascline instrument concept has been
SAQO’s POINTS (Lrecision Optical INTerferometerin Space).? ‘T'he POIN'TS concept originated in the mid-1970s as a

mea s to perfor a stringent Hght- deflection test of gencral relativity near the solar liab. 3 Since then, it hias evolved
and is fast a¢ quiring engineering maturity as aninstruimnent capable of providing conclusive cvidence of the prevalence
of planctary systemns and of performing a variety of fundamental astrophysical incasurcinents.

During thelast three years, J'], has undertaken design and analysis of the spaceeraft and instrument configuratjong
for POINTS and examination of criti cal operational issues for a POINTS mission.* I'his paper oflers abrief overview
of some of that work. Scction 2 describes the current spacecraft flight-system configuration, including overall design
drivers and trade- offs. Seclion 3 describes the instrument configuration, including the housin g, optical berielies, and
the mechanism by which one interferometer is articulated relative to theother. Scction 4 describes attitude and
articulation control, including overall requirements, actuator desig iy, and spacecraft angular momentum management.
Scction b describ es therinal control for the sp acecraft and instrument, with eimphasis 011 the strategy for providing



millidegree temperature control for critical optical clements in the instrument.  Section 6 disc usses several systems
issues, including the lau nch sequence, power requircinents, spaceeraft velocity determination, and telemetry and data
storage.

2. SPACECRAPTFLIGHT-SYSTEMCONFIGURATION

The ambitious scicnee goals for POINT'S%® impose a variety of requirements 011 theinstrument, spacecraft, and
mission. These include access to a large fraction of the sky most of the time; a low-disturbance environmnent for the
spacceraft and instrument; telemetry and data storage consistent with a few hundred inegabytes of data per day;
precise velocity deterinination to correct for stellar aberration at the sub-mi croarcsecond level; and a mission life
of H5to ]() ycars. NASA’s desires thatsuch anission cost no more than about $400 1nillion (exe.lusivc of launch
vchicle) and require only an MMt ediate-size launch vehicle impose constraints 011 spacecraft and instrument mass,
size, complexity, and techn ol ogy maturity. These requirements and constraints Iead to a number of design drivers and
trade-ofl’s, $01ncof whichare summarized below.

2.1 Orbit choice

The demands for target accessibility, alow-disturbance, thermally quiet environment, and along mission life arc
best met with a heliocentric orbit or a high Farth orbit. The long mission life and large quantity of data make a
Leliocentric orbit problematic, since the spacecraft would drift as much as one AU from Earth over a 10-year mission.
A high Earth orbit poses diflerent challenges than does a low orbit for spacecraft angular- jnomentum management
and telemetry, and it imposes more severe constraints 011 instrument mass. Furthermore, since the required correction
to astrometric measurements for stellar aberration scales with the sine of the angular separation b ctween target and
reference stars, a wide-angle instrumment such as POINY'S requires more accurate orbit deterimmnation than would a
narrow-angle justrument; thus, velocity determination accuracy must be better than 1 .5MMn /s for sill)-Itlicrc)arcsceol)cl
correction. Since each of these challenges is met with the current POINTS design (as described below), the henefits
of a high Barth orbit can be exploited. Although any orbit above about 50,000 km would suflice to ensure infrequent
celipses and low contamination hazard, the nominal choice, which alows for conservative designinargins, is a circular
orbit of 100,000 -k Il radius.

2.2 Thermally and vibrationally quict instrument environment

In order to achieve maximnal scientific return for a SPaceclafy of a particular size and cost, the design of a high-
accuracy astrometric instrument calls for high diinensional stability for certainoptical elements, whichinturn requires
‘a Jow-disturbance environment. For the small 7 OINTS instrument to meet its 11 10st ambitious science goals, one of
the most demanding of theserequirements is local temperaturce stability intherange of a few mmlhidegrees for several
oplical cleinents, for periods of UPto several hours. This is facilitated inpart by the fact that, inthe POINTS design,
these optical clements arc small and buried deep within the instruoment, To further aid inachieving this stability, it
was decided to provide permanent shade for the entire spacecraft (instrument plus hus) with a solar shield, supporting
an array of solar cells, that ismounted 011 an extended boom. ‘1'0 guarantee fullshade a al times for the spacecragt
and boom, the shicld radius J¢ (the shield is assuined circular here) and boomn length L inust satisfy

ICosg- Lsing > S, (1)

where S is the maximum projected dimension (radius) of the spaceeraft perpendicular to the boomn (parallel to the
solar shicld), and g is the desired clearance angle from normal solar incidence. The angle ¢ is 011 the order of a few
degrees; it includes allowances for spacecraft attitude variation, penumbra convergence, and safety margin. Referring
to the nominal configuration shown in Figure la, S is the sum of the boom width d at the “clbow” between the
two solar-ghield gimbals and the rclot-still]-s(Illarc of the instrument housing radius and height. The housing radius
is limited to about 1.8 111 by the Atlas 1HAS® fairing, and the housing height is about 1 111, (See Seetion 3.1.) Yor
the nominal configuration, ¢ = 24 mand L : 4.35 111, thus, if ¢ is allowed to be as large as 2 ¢, the b oo elbow
width d cannot exceed about 18 cin, whercas d could be as large as 26 cin if ¢ does not exceed 1 deg. This constraint
has important consequences for the vibrational characteristics of the spacecraft, since boomn bending and twisting
e 124312 107 32 ppy and wl2q872 71112 102) D respectively . o
frequencies scale roughly as w!/#d3/ % /(L34 1R) v1 for a uniform hollow boom with

wall thickness w, and shicld bending frequencics scale roughly as /i/1¢? for a shicld of thickness h.

Larger clearance angles from normal solar incidence would require that the solar shicld be larger, in order to
maintain shade for the instrimnent for all interferometer orientations. Note, however, that It > 2.4 mwould require
deploy mient. of an extension to the nominal shield, since 2 = 2.4 111 correspouds to the maxiimun size that can be
accommodated in the launch configuration (see Seetion 2.4). The alternatives to increasing solar shicld sire, in order
to allow larger cicarance angles and still maintain shade for the spacecraft for all interferometer orientations, arc
unacceptable; a shorter boorn would compromise target accessibility (see Scction 2.3), arid a thinner boom would
compromise stiffness. In general, the choices for boonlength 1, boom width d, andsolar-shield radius K niust satisfy
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Fig. 1a. POINTYS spacccraft, fully deployed. Solar Fig. 1b. POINT'S spacecraft, fully deployed, during a
shicld radius I¢, support boom length L, and boom el- slew. Spacceraft bus is shown attached to the instru-
bow diameter d are defined meq. () and surrounding ment housing.

discussion.

the comnbined requireinents on shade for the spacecrafi, target accessibility, and overall vibrational characterist ics, as
wcll as the constraints imposed by launch-vehicle size.

‘1’0 aid inmaintaining a vibrationally quiet environment for the instrument, it was decided to attach the spacecraft
bus rigidly to the instrument housing, and to articulate the solar shicld relative to the entire spacecraft viatwo single-
axis gimbals, whit.li go through the spacecraft center of mass (the a aud g axes identified in Figure 1 a), Farlier
concepts that involved articulation of the instrumnent relative to the spacecraft bus were rejected in favor of the current
unibody design in which only the solar shield is giinballed. This design miniinizes launch loads through the giinbal
actnators as well as structural flexibility between the instrument and reaction w heels, and is favored by findings that
internal vibrational disturbances (primarily from reaction wl eels) can be isolated effectively at their source. It also is
thought to mmimize the mass, complexity, and cost assoc iated with the gimbal inechanisins. (17or further discussion,
sce Section 24. )

Simpler configurations involving body-mounted 01 single- axis- gimballed solar pancls covering mnultiple sides of the
spacecraftwerercjectedin’ favor of the two- axis-gimballed, Sun-oriented shield beeause the formner suflered from several
disadvantages, First, both pointing capability and target accessibility would be more limited (sce Section 2.3 below).
Sccond, the instrument thermal environment would be less uniform, and thermal creak and flap of the arrays could
degrade pointing stability. Thitd, since only 30% to 50% of the solar cells would hie providinug power at any time, the
total array mass would be greater byasmiuch as 200 kp. A further consideration in favor of the geotnetrically simple,
Sun-facing configuration is that it penmits accurate modeling (Lo better than 5%) of the eflects of solar radiation
pressure, the only significant external source of error inmodeling the spaceeraft acceleration.

2.3 Maximum targel accessibility

To maximize scicnece return, a large fraction of the sky shouldbeaccessible to thieinstrumentatalltinmes. T'his is




cspecially truc in a scarcly for other planct ary systerns, where lack of access to the sky near the Sun would inpose on
the data a window with an annual period. Thus, one would like to minimnize the Sun-avoidance angle A (the ¢ losest
cither interferometer can ook toward the Sun dircction), without exposing the spacecraft or boom to the Sun. A |
approximate measure of target accessibility is provided by V = cos?(A/2), the fractional solid angle of sky accessible
to cither interferometer. For normal "solar incidence, the avoidance angle Ao is related to POOylength 1, shicld radius
1{, and perpendicular distance 7' b etween the spacecraft center-of-mass and the optical axis of the telescope looking
closest to the Sun by

Lsin Ao RcosAg:=1" . (2)

The actual avoidance angle Amay be smaller than Ao to the extent that deviations from normal incidence do not

expose the spacecraft or boomn to the Sun; thus, V > Vo = cos?(Ag/2). Yor a given avoid gy cc angle Ao, clearance angle
g frommnorial solar incidence, and hoom elbow width d, the conbined constraints of equations (1) and (2) produce a
family of allowable values for f¢and L. ¥or the nominal configuration, with 7' = 1.125 11 1.d =18 cin,and ¢ = 2 deg,
A. =242 deg, making at least 87% of the sky accessible at any tiine to ecach interferometer.

I'he fraction of sky accessible to each interferometer a any time (the quantity voy can be inereased slightly from
that provided by the nominal configuration, but it requires considerable increasc in boom length 1., which in turn
requires an increase in boor n wid th c1 in order to maintain stiffluess.  For example, the angle Ao can be reduced to
about 40 deg to give Vo 0.88 with d = 24 e, 1: 4.7 m,and = 2.47 m (assuming g = 2 deg). Furtherimore,
these choices would result inhigher fundamental vibrational frequencies than with the nominal configuration. Note,
however, that 1. = 4.7 1 corresponds approximately to the longest boomn (if folded in only one place) that, canbe
accornmodated in the launch configuration. Similarly, since the launch-vehiele configuration canuot accommodate a
circular solar shicld with I¢ greater than about 2.4m, these cholces would require a noncireular shield or additional
deployable “ambrella” o provide an eflective 12 of about 2.47m. (See Scction 2.4. )

2.4 Spacccraft configuration

The nominal POINTS spacccraft configuration is shown i Figures 1a- f. Figures 1a and 1b show the spacecraft
as 1t would anncar during the mission. with the instiument and solar shicld in fwo of a varietv of nossible orientations.
The nominal configuration has a 4.8-m- diaeter cireular golar shicld and a single, hollow graphite-cpo xy boom 4.35 m
long , with square cross scetion 18 cm 011 a side and walls 3.5 mmnthick(#¢= 24 -, L:=435 1, d =18 cm,
w= 3.5 mn). The ghmbals have been arranged so that their axes pass through the spaceeraft center of mass, which
simplifies shading £e0met ry and reduces excitation of the solar shield and support boom for twoe of the three axes of
spacecraft slewing. The relat jon of the gimbal axes to the interferomneter optical axes (instrument boresights) is such
that the support b 0 omneed not obscure target stars.

NASTRAN analyses indicate that this configurat jon can be made stil enough that all spaceeraft vihrational mode
frequencics are higher than about 2 Hz, with the lowest inodes dominated by boom bending. “The frequenc ies of these
modes could be raised with™ a variety of straightforward modifications (all aflordable to the spacecraft inass, sire, and
cost budgets), the most obvious of which would involve a thicker, stifler boomn and a non-circular solar shicld or small
deployable umbrella to provide the required additional shade; damping could be improved by coating the boom. The
option of amulti-arm support structure toincrease stiflness was rejected because of the increased sky obscurationand
mass. The requirements on spacccraft vibrational characteristics are driven ultimately by the desired rapid scheduling
of science observations an average of about 3 minutes between the completion of one observation and the start of
another, with the average slew hetween obscrvations I)(rinﬁ': about 25 deg. This rapid scheduling could be met with the
nominal configuration, usimg @vall able passive isolation teehjology for ‘internal disturbance sources (primarily reaction
whecls).

Iigure Ie shows the POINTS launch configuration, packaged to fit within the Atlas HAS shroud. The solar
shicld 1s folded in two places to fit in the launch envelope. After launch-vehicle separation, the solar shield (but not
the support hoom) is deployed and rigidized with mechanical or nagnetic latching devices, to provide power during

the 17-hour cruisc (sce Figure 1d). Orbit circularization is accomplished with a Star 371°'M” so]id-fuel rocket motor.
Just prior to its ignition, a spin-up solidmotor is fired to provide a spin rate of a fcw RPM;after circularization, a
spin-down motor is fired, and the spacecraft returns to a 3 axis-stab ilized mode. The spin-up and spin-down thrusters
arc located in plancs that contain the spacecraft center of mass at the tiines the respective thrusters are fired. (The
spacecraft center of mass migrates forward after expenditure of the Star 371'M propellant.) The propulsion od ule
provides strut.turc for integration of the Star 371'M and spin-up and spin-down solid motors, launch support for the
lower portion of the stowed solar shicld, and structure for limking the spacecraft to the launch-vehicle adapter. Six
explosive bolts at the lower bus interface separate the propulsion module from the spacecraft after orbit circularization
and spin-down (Figure 1¢). The solar- ghicld boom then is deployed and rigidized with a latching device, as shown in
Figure 11.

The spaceeraft bus integrates all engineering cquipment f or  the mission: reaction whecls, cold- gas tank and
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Fig. lc. Launch con figuration, as stowed in the Atlas 11AS shroud.

Fig. 1d. Cruisc configuration, with sol ar shicld deployed.

thrusters, antennas, batterics, P-actuator attachment, and associated ¢le¢ tronics. Its structure andpackaging, is based
on the design used on Voyager and Galileo, and it is sized to provide the same volume as the main bus on Galileo.
A hexagonal layout was clhiosenso that three of thercaction wheels arc placed centrally. Battery power is nrovided
by two nickel-hydrogen batterics, which arc mounted on 9P osite sides of the outside of the bus, Omni-diree a4
antennas for telemetry aud orbit determination are mounted in pairs on opposite sides of the bus, with pedes (14 to
provide maximuin sky coverage. After full deployment, the only obstructions to these autennas will be the solar shield
and thruster stalk. T'wo cold-gas thruster asscinblies arc incorporated for spacecraft 816 ular-mor, ey gy A agent ¢y
(see Scction 4.4) and the tank for the high-pressure nitrogen is c.(:ntrallyllocated so that changes to spacceraftinertia
properties arc minimized as the propellant becor nes depleted.




PFig.1e. POINTS spacecraft just after orbit circular-
ization and spin-down; six explosive bolts at thelower
bus interface separate the propulsion module from the
spacecraft.

ig. 1. Sola r-array boom deployment sequence.

"The current total mass estimate for the entire spacec raft, including solid rocket motor for orbit circularization, is
about 1250 kg, and is iteiizedin ‘Jable 1. About 50% of themass is in the spacecraft bus, 10% ill the instrument
housing, and 20% each in the optical benches and the.sc,]ar shicld. This mass leaves a gencrous margin (~10%) for
usc of an Atlas11AS launch vehicle.

INSTRUMENTCONFIGURATION

The POINTS instrument comprises two optically identical interferoineters placed one above the other, with 2-1n
basclines Whose relative orjentation is nominally 90 deg but which can be adjusted by afcw degrees in cither direction.
The wide-auglc capability is critical formany of the scientific goals and is advantageous for obtaining rapid closure
around the sky andfinding bright reference stars. Internal metrology is required for measurement of the angle between
basclines and of the starlight optical path diflerences through each interferometer.  Fach interferometer comprises
two afocal telescopes with parabolic primary mirrors nominally 26 cinin diaineter and a magnification ratio of about
1 0. FPurther deseription of the interferometers and their operation can be found in another paper in this volume
(Reasenberg, e al. )E

3.1 Instrument housing

T'he two interferometers are contained ina b ox-s haped housing, approximnately 11n high with square cross section
roughly 2.6 on a side. (‘The corners arc cut to fit inside the 3.65-m-diamecter circular Jaunch-vehicle fairing. ) The
housing provides mounting for clectronics and tic-down points for cabling, a frame for thermal blankets and heaters,
an interface for aperture-cover devices, and protection for sensitive optics during system integration and testing. Thin
aluminum sheets (~1.5 min thick) with stiflencrs and local reinforcements would suflice for its construction. Graphite-

epoxy pancls could be used to reduce mass, but the current mass budget docs not indicate any need for such a
reduction.

3.2 Optical bench

The optical layout for cach interferomneter is shown in Iigure 2a, and a conceptual design for one of the optical
henches is showninItigure 2b. ‘I'he gra])hitc-epoxy paneland bulkhead design is based on the optical bench for the Wide
Field/Dlanctary Camera (WEF/P C) Graphite-cpoxy is an excellent material for precision optical structures hecausc
of its highi specifi ¢ stifl ness, near-zero cocflicient of thermal expansion, and extensive flight history. All ¢ omnponents
shown ac supported by conmnmon optics mounting techniques; iteins with demanding requirernents, such as the fiducial

blocks, which have ¢ ritical therinal isolating mounts and heaters (sce Section 3,3 below), arc cont ained in separately
tested units that have a sinple interface to the rest of the opticatpench.

Ouc of the optical benchesis fixed relative to the spacecr aft. The other inust be capable of articulation by a few
degrees in cither dire.ctioll (from its nominal 90-deg orientation to the fixed bench);see Figure 2¢. The fixed bench
st provide adequale support to withstand taunch loads. The support must be kinematic, to avoid distortion Of the
b ench by the external structure, and there must be thermal isolation between b ench and spacecraft. To provide a



Table 1. Mass list for POINTS spacecraft

Component M ass (kg)
Solar shicld:
18- x 18- ¢ boom 44
solar shield 81
a actuator A1
B actuator 40
actuator electronics (X2) 20
boomn deployment device 10
other devices .0
Solar shicld subtotal 240
Optical beneh:
bare structure 116
instrument optjes & mounts 15
beam-combining optics, detectors, & lasers 22
star trackers (x4) 44
fiducial bloc.ks & therinalcontrol (x4) 10
articulation actuator R
Optical beneh subtotal 242
Instrument housing;:
bare structure 91
ML], therinal control, aperture covers, & mechanisins 4]
Instrument housing subtotal 132
Spacecraft 1)11s;
bare structure 12
thermal control 34
reaction wheels (x4) 240
attitude-contral ¢lectronies (x2) 20
miscellancous attitude-c antrol devices 10
propulsion (tauk, GNo, valves, plumbing, thrusters) 28
batticries 74
telecornt punications, including antennas 20
GPS cquipment, including antennas 6
command & data handling 31
explosive bolts, springs 5
balance ballast 10
cabling 3h
power conditioning & distribution 49
Spacecraft bus subtotal 634

PO IAL 1248
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Fig. 2b. Conceptual design for one optical bench (with
top pancl removed, to show internal layout).

Iig. 2c. Optical bench assembly

structurally complete instrument unit with only onc interface to the spacecraft, the optical bench should attach to
the spacecraft bus at the samne points as the housing or be attached directly to the housing. These mounts might be
fiberglass, titaniuin, or Stailllcss-steel tube trusses or flexures, or fib erglass isolators with aluminum structure clements.

The requiremnent of a few-degree articulation to be performed onthe order of amillion times over a_]0-year
mission suggests use of a flexure rather than a ball bearing, since it can be designed for infinite life and poses no
contamination risk. (Ball bearings aso sufler from the possibility of developing detents, €., caused by jarring during
Jaunch.) A “flex pivot” is a c ommonly used component that combines two or three crossed blades in one convenient
unit. ¥lexpivots sized to withstand launch loads would require only about 24N (51b) linear actuation force per flexure
at full travel (for a l-m moment arm). Flexpivots arc gencrally very stiff and strong inlinear degrees of frecdom and
very softinrotation; thus, tolimit motionto one axis of rotation, they mustbe used inpairs, with some distance
between them along the desired rotation axis, The current design has flexpivots (two or three blades) placed on the top
and bottom of the optical beniclipir, with a structural support from cach bench that reaches around to the opposite
side of the other optical bench. e’.l‘}lC “flexpivot support tower” is shown in Figures 2b and 2¢.) The flight flexpivot
system must be designed so that the flexpivols arc not kinematically over-con strained: one flexpivot would be isolated

from thrust loads (c. g., with a diaphragin flexure), and both inust be aligned well enough to avoid excessive morment
loads,

3.3 Iiducial hlock supports

1o keep resulting contributions 10 overall mcasurement error below about 0.2 pras, ditnensional changes along
critical directions of the fourmetrology ‘ (fiducial blocks” must be kept sinaller than ab out 2 picometers over time
intervals of several hours. Thermal expansion is keptiu chieck by uging stable materials such as Ultral,ow Expansion
glass (UH*)@)), controlling the average teinperature inside the housing to remain near where the glass hasthe lowest

cocflicient Of therinal expansion (roughly 20 deg C for UL]“,Q‘))7 and limiting temperature variations (o a fow mnittidegrees
Kelvin through the use of low-conductance supports an d sp ecial enclosures. (See discussion of thermal control in




Scction 5)

Mechanical stress to the fiducial blocks is limited by neing kri]nfgi.;_auc“lgoé,,.md‘g‘ﬁ“ﬁf}‘(ﬁaC“_f'dutc'as' l‘l)]‘l(l?ff a(;lcd
its enclosure, such as the crossed-blade titanium flexures SPOW!H IR THE UFCE 3@ BIC <0 23 @l SCR OIS = anclomre.
10 Il]ll]]Ol.lg,,aIld 05111111 thick were sized to withstand launch loads. W’t.}' these mounts ) a ' 1l enclosure,
a mechanical distortion (strain) of the enclosure by about ?parLspcrmilhonwouldfnteﬁultblln 2-})11]1] digtortion of, Hml
fiducial blocks, due to forecs passcd across the mounts by the bendinggfifyess .C;I lle K ?h ef'I' ]2’ er gtt U
distortions at the mount interface from aflecting critical dimensions ie fiducial bloc "l? lac C} arc attac.neel 1o
au Tnvar disk atop apedestal of ULE® on either side of the block. Vhelnvarinterface exhibits much nigher thermal

)

expaunsion than the U],]i<,® pedestal, and the pedestal serves to keep the resulting distortious localized.
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4. ATTITUDE AND A1{°’J1CLJ ,A’I’1ON CONTROLSYSTEM

The instrument and spacecraft attitude and articulation control systemn (A ACS)} serves a variety of functions,
such as maintaining spacccraft attitude during the cruise to apogee, determining spacecraft attitude after orbit cir-
cularization, pointing the solar shield to within a few degrees of the Sunline at all times, slewing the spacceraft and
instrument for acquisition of target-s(al pairs, articulating the angle hetween the two interferor neters, providing a
target-rcfercliced attitude after cach slew to the interferorneters for fringe acquisition, maintaining inertial pointing
of both interferom cters in the presence of painting disturbances, and managing spacecraft angular momentum. The
requircinents, strategies, and hardware associated with themost challenging of these functions are sumnmarized below.

4.1 Instrument pointing

As described previously, instruinent pointing is accomplished with two single-axis gimbals b etween the spacecraft
and the solar- shicld support boom, plus roll of the entire spacecraft around the Sun dircetion. ‘The angular scparation
791 between stars “17 and *2” is estimated from a lincar combination of three ncasuremnents: incasurements by each
interferometer (*a” and “b”) of the angle hetween its target star andits optical axis (714 and 723), and measurcment
by internal metrology of the angle vy, between “pseudo baselines” of the two interferometers, which arc defined
by optics placed at fiducial points along each telescope axis and which arc ncarly parallel to the actual baselines.
Requircinents on instrument pointing accuracy, or how closely boresighted the interferometer telescopes must be with
the directions to their respeclive target stars, arc determined by the magnitude and dependence on pointing offsets
of the difference between the true stellar angular separation g1 and the estimnated separation.  The lowext-order
correction is a linear bias that deperids only on the “in- plane” cornponent of the angle between actual baselines and
pscudo  basclines  i.c., on horizontal twisting or yaw within each interferometer. The next largest corrections, which
arc quadratic. in quantities expected to be simall, deprenid only on “out-of-plane” angles  target pointing offsets,
vertical ilt between the two interferorneters, and ver tical tilt between the actual and pseudo basclines (sce Appendix
of Ref. [8]for derivation of the last of these).ln a hypothetical worst case, where al these tilts were of comparable

magnitude A and of appropriate sign as to add inaximally, this quadratic tericouldbeaslarge as TA?, which would
he sub-microarcseco nd inmagnitude only if A were sinaller than about ().2 arcsec. In practice, these biases can be
estimated from a series of mecasurements, so it is notnecessary that pointing accuracy be good elough to mnake these
cort eclions negligible. I'he nominal pointing accuracy requirement (2-0) for cachiinterferometer therefore is taken to
be 0.25 arcsce. 1o mnaintain high fringe visibility, the pointing must be stable to a few milharesee onds in-plane and
about 0.1arcsec out of plauc (for 95‘%{'fringc coherence) over the time needed to measure the fringe intensity — as long
as O. 1 sccondfor al bth-magnitudestar. For brighter stars, this pointing stability is needed over thenominal “framing”
thine of about 0.01 s. The current strategy is to usc star t rackers boresighted withi the t elescopes to control coarse
spacccraft attitude to 0.2H arcsec out-of- plane; however, it inay be preferable to mount the trackers on the spacecraft
bus instead of the instrumnent, for convenience and cost savings inintegration. The nominal design includes a primary
plus one back-up tracker for cachinterferometer, located as indicated 1 ligure 2b. Observations arc schieduled so that
al least onc of theinterferometers always looks at a star of 10thmagnitude or brighter. Fine-pointing in-plane for the
other interferorneter ca 1l be controlled with information from the interferometer looking at the brighter star.

4.2 Instrument slewing

Simulations done at SAQ indicate that the average instrument slew required between observations will be about
25 deg; with the Hubble- Space-Telesco pe (11 7S’ 17) ‘reaction wheels basclined in the nominal configuration, suchi slews
should take less than 60 seconds. This perinits achicvement of closure around thesky in a few hours, anappropriate
recalibration thme for estimatin g system parameters and measureinent biases. Fhet iine required between observations
will include the s1cw time and the AACS settling time; the latter depends on spacecraft vibrational characteristics
and the controller closed-loop bandwidth. For the nominal configuration, with a minimumn vibrati onal frequency of
about 2 1z and modal damping of 0.5%, the time required for structural vibrations to damp to a level consistent with
requirements on instrument pointing stability is less than 60 scco nds.

Slewing will be accomplished with four HST-type reaction wheels arranged in a pyramnidal or tetrahedral configu-
ration (one for redundancy ) Information from commercial vendors indicates that available passive isolation techmology
is suflicient to perinit the desired instrumment pointing stability noted above. lence, during observations, the AACS
need reject only external torque disturbances; for high Barth orbit, these arise prinarily from solar radiation pressure.
Spaceccraft attitude is estitnated from measured body rates provided by an inertial reference unit (1RU), auginented by
star-tracker measuranents during target, acquisition and observation, and possibly by interferometer angle information
during cach abservation. Unminodeled gyro bias, rate scale-fac(or errors, misaligninent, errors, and attitude- correction
factors arc cstimated,andthen used by alincar proportional-integral- derivative (P1D) controller to generate reaction-
wheel torque commands. The appropriate controller bandwidth depends on settling time, desired pointin gstability,
attitude-sc)mr noisc, external torque disturbances (solar radiation pressure), and dotoct,orintcgrationtim(‘.gn(nninal]y
0.01 scconds for stars brighter than 12th magnitudc). l'or the nominal configuration, and an assumned sub-arcsecoud
attitudeestiiation error (white noise over a 50-11z sensor bandwidth), the controller bandwidth will be between
0,01 Hzand0.15Hz.




Anincrtial-grade gyro (clritl-rate stability 011 the order of 0.001deg/hr) is needed to meet the attitude- control
requirement of 0.25 arcsec. This requircinent could be met with spinning-mass gyros; however, the desired 10-year
mission life suggests the usc of afiber-optic gyro, which also couldmeet these requireinents and whose development is
under way for other NASA missions with earlier launch dates.

403 Actuatordesign

Three types of actuators are used for attitude and articulation control of the POINT'S spacecraft: the reaction
wheels, the SOI]aF shield giimbal actuators, andthe interferometer articulation actuator. (For a detailed synopsis of
actuator design, sce the paper by Agronin® in this volume. )} Four reaction-wheel asseinblies (one for redundancy) arc
used to control spacecraft motion in three axes and to provide mor nentuin compensation.  Thelimits on structural
disturbances during observations can be met with HST-ty]ye Wheels and slightly modified versions of the HS'T wheel
isolators that arc designedio isolate botl torque and axial disturbance forms. The 11 ST isolators, which contain a
spring and viscous damper n parallel, arc configured to take out only axial disturbance forces. Honeywell, Inc. (rmakers
of the 11 ST wheels and isolators) reports that a hexapod isolation s¥stelnnow can benade that isolates torque and
force disturbancesin al] six degrees of freedom.

P'wo giinbal actuators articulate the solar shicldin two axes relative to the spacecraft (the aand 8 axes shown
inFigure 1a). The actuators point the shield toward the Sun, keep the spaceeraft in shade, and angle the shiceld to
control an gular momentuin induced by radiation pressure. These actuators must be capable of 0.1-deg accuracy over
a 345-deg (or larger) range of motion, arid have alifetiine consistent with spacecraft slews total ling about 0.6 million
radians about 350 slews per day for 10 years, cachslew averaging about 25 deg%. The baseline design isa standard
stepper motor driving a llarlllonic.-drivc gear reducer (200:]? with a high-speed resolver for position sensing (typical
accuracv ontheorder of 3 arcmin?.]‘)ach gimbal axis has bearings scparate fromn the actuator to support the main
loads, the actuator driving {he axis ¢ irough a flexible coupling. Sumnilar actuators ha ye Leen used to drive solar pancls
on the Magellan and TOPEX spacecraft.

The interferometer articulation actuator controls the relative orientation between the two interferometers. The
orientation is adjusted hetween observations, and the Inechanisiyy js Jocked during cach observation. Thic actuator,
located inthe optics housing, isa [inear-lllotrol~ device bridging the two optical benches. The actuator only supports
loads between the two interferometers in the direction of articulation; a separate flexure asseinbly supports and
constrains the optical benches in the other five degrees of freedomn (see Figures 2b and 2¢ and Section 3.2). The
desired cnd-point accuracy, as stated previously, isaboutl 0.25 arcscc. Relative in-plane position stability of a few
milliarcscconds must be maintained between the two interferometers during an observation.

4.4 Spaccceraft angular momentum managcement

Fixternal torques 011 POINTS will generate angular momentumn that initially will be taken up by the spacecraft
rcaction wheels. A momentum-managen eng system is neededin order to provide control toraues to keep the reaction
whicels from saturating. Sinee POINTS will be above the Kartli’s inagnetosphere, inomentun management based on
magnetic torquers is not feasible. The angle of the solar shield with respect to the Sun could be manipulated so as to
use solar-pressure torque as a means of Inanaging omentum; however, the extent to which the shield can be angled
i s limited by the requirement that the spacecraft remain in shade. (Note that, for certain spacecraft orientations,
this limnit need not be as severe as that deseribed in section 2.2, ) This type of momentum-1nanagen ent system would
require noadded AACS hardware and could be performed with a relatively siinple algorithi. However, this scheme
i s unable to provide any torque about tlie line from the spacceraft to the Sun (although this lit nitation is mitigated
partially by the orbit of the spacecraft about the Sun once per year). Furtherinore, it could work only during normal
operations and is incapable of stabilizing the spacecraft during an cinergency. For these reasons, a cold-gas (uitrogen)
thruster system has been included for momentum management and contingencies. initial calculations, based on the
expected magnitude of solar- pressure torques and typical leakage rates for such cold-gas systeins, show that a supply
of about10kg of gas should be adequate for all nceessary momentwinmanagement (including co)rjtirigeric.its) during a
lo-year missionlifetime.

5 THERMAL C ON TROL

Critical metrology optical clements in the interfer ometers, such as the fiducial blo ¢ks and beam-splitter assemblies,
will require temperature controlat the level of a few millidegrees Kelvin (1111{) for periods as long as several hours,in
order toprevent thermal-induced motions or distortions from contributing more than about 2 picometers (or 0.2 yias)
of error to the measurements of optical path diflererices. Inaddition, of course, theinaterials used for these critical
optics must have wry low, uniforin, stable coeflicients of therinal expansion  on the order of several parts per billion

achicvable, for example, with appropriately-sized picces of pranium-grade ULE®, A conceptual design for the
temperature-control systein for the most critical of these clements -the fiducial blocks - is summarized b clow.




T'he back (instrumen t-facing) surface of the solar shicld should have low einissivity in order to mninimize radiative
thermal coupling between the solar shield and instruient, but not too low, becausc it is desired to keep thic op crating
temperature for the solar cells under 100 deg C. Representative extremes would be bare aluminuin (infrared ernissivity
011 the order of 5%) or black paint (infrared cinissivity about 85%), whichresult in est iinated solar- panel temperatures
of about1156deg Cand 65 deg C, respectively. The instrument housing is madc of thiny(~1 .5-111111) aluminnn sheets,
which are covered on the outside with 20-layer Multi-Layer Insulation (M11).

The inside of the housing would be painted black in order to minimize stray light and help distribute heat 1oads.
Heaters would be distributed around the inside of the housing and used to maintain a uniforin ambient temperature
of about 20 deg C. An estimated 325 W of heater power would be required, some of which might come from the
estimated 250- 300 W of power dissipated inthe spacecraft bus. Deadband or P11 coutrollers could be used to €0 ntrol
the surface Lemperatures.

The fiducial blocks arc made of amaterial with low coeflicient of therinal expansion (better thanabout 10 parts
per billion), about 5 cminlength along the optical axes of the telescopes), and roughly rectangular in cross-section
(about 5 em by 10 em). To ensure tlat thermally-induced distortions contribute no more than about 2 pm to the crror
in optical path measurements, the temperature at cach point on eacly fiducial block must be stable to about 4K
over a typical recalibrationtime (several hours). Toachicve this, atherialshicld is placed aroundeach fiducial bloc.k
inthe foriy Of an al uminun box or eylinder, Whiose 11 side is painted black. In the nominal configuration anal yzed,
the conservative assumption was made that the shicld walls wercabout 5111111 thick, giving the shield a heat capacity
roughly three times that of the fiducial block; thinner walls (~ 1.5 mm)may be feasible. The shicld has holes
appropriate places for the metrology laser beams. Closely surrounding cachi thennal shield is a heater shell. The
concepl for supporting cach fiducial block inside its thermal shield with t1tani yiy flexures was described in Section 3.3
and shown in IMigures 3a and 3b. I combination with the integral glass pedest als on the fiducial blocks, these flexures
provide the near-killmnatic support needed to minimize mechanically -induced stresses: they also arc a source of heat
conduction to the fiducial blocks. Fach thermal shield could be mounted to the aptical bench with grapllitc-epoxy
blades in a “spider” configuration similar to that used in telescopes for secondary inirror mounts. The heater shell
would be mounted cither to the therinal shicld or dircetly to the opticalbenchin such a way as to keep structural loads
as continuous as possible, while still providing relatively high therinal resistance between the shell and the thermal
shicld. ‘This high thermal resistance gives higher leverage to the heater control. Heat transport between the heater
shell and the housing is much greater vie radiation thanvie conduction. Although further thermnal isolation of the
fiducial block is notindicated to be necessary by analyses thus far, it could beachicvedby splitillg fiberglass tube

scg ments into the tit aniu m rod secctions.  Vor the ultimate in therinal isolation, a fiberglass band system could be
designed.

With the above assumptions, analyses using detailed models for individual fiducial blocks, thermal shiclds, and
heater shells, and shmpler models for the instrunient housing and solar array, gave the following results. First, with
110 active conirol of the housing temperature,the wc)rst-case steady-state teinperature gradient across theinterior of
the instrument hiousing was found to rani{(} from 14 1{ to 1.7 1{, corresponding to the back of the solar shicld being
black or bare aluminuin, respeetively.”']'his worst-case condition would occur if the housing were oriented so that onc
of itssquare sides reinainedin a fixed position, parallelto the solar shield and facing space, for as long as 24 hours.
The worst-case housing gradient of 14 K produced a gradient across the fiducial block that was smaller thanlmK.
Allernatively, a steady-state temperature gradient as large as 63 1{ would have to exist across theinterior of the housing
to produce a 2-mXK gradient across the fiducial block. Sceond, two types of transient conditions were considered: a
mnaxin jum- duration Earth occuliation, lasting 1.8 hours, and a 180-deg instrument slew lasting 10 minutes. (Other
possible transient conditions, such as those caused by on-board therinal disturbances, would have muchi smaller effects )
The instrument slew caused the greater rale of changein therial gradient across the instruinent housing - on the
order of 3.7 K/hr if the back of the scalar shicld is painted black or white. 'The corresponding rate of change for
the temperature gradient across the fiducial block would be nolarger than 0.1 inK/hr. Thus, this thermal control
scheme appears suflicient for maintaining thermal stability of the fiducial blocks to withinthe desired several mK over
observation intervals of several hours. Similar, though probably less camplicated, control schemes would be used for
other critical optical elements, such as the beam-splitter assemblices.

6. SYSTEM S 1S SUKS
6.1 Launch scquence

The baseline selection for the POINTS launch vehicle is General Dynamics’ Atlas 11AS with a Centaur upper
stage and aStar 37FM ("Thiokal) solid-rocket motor for orbit circ ularization. This combination is capable of delivering
a payloadof approximately 1750 kg to a 100,000-kill-raclills” circular orl)it.('J‘]lisin(c/hxdos a conscrvative deduction of
7% efthe Atlas- Centaur capability for various corltillgel~c.its, in addition to the 997%-confiden ce 1'light Performance
Reserve. ) The payload capability is ouly a slowly varying function of the orbit altitude. The current hest estiinate for
the POINTS payload is about 1250 kg (scc Table 1), whichlcaves a generous (~ 40%) designimargin.



The initial launch of POINTS will beinto a transfer orbit with an altitude of approximately 167 ki, after which
the Centaur upper stage will be fired to insert POINTS into an ciliptical transfer orbit with an apogee of approxiniately
100,000 km.Following separation from the Centaur, the solar shicld will be deployed partially i order to provide a
required power of approximately 340 Watts during the17-hr cruise 1o the 100,000 -kin radius; the spacecraft will be
3-axis- stabilized during this long cruise. Just prior to ignition of the Star 37FM for orbit circularization, a sinall spin-
up solid motor will be fired to provide a spin rate of a few RPM for the 60-second circularization burn, and a siinilar
motor will be fired following, the circularization to de-spinthe spacecraft, which then will bereturned to its 3-axis
st abilizedmode. Following the circularizati on, the propulsioninodule will be jettisoned, and deployment of the solar
shicld will be completed. Giventhe magnitudes of the expected errors inboth the orbit-injection and circularization
burns, the perigee and apogee should be within 5% of tlic nominal values, completely within the acceptable range for
the POINTS mission.,

The inclination of the orbit with respect to the ecliptic will influence the occultation history of the spacecraft;
higher inclinations will reduce thelengths of the accultation seasons. Inclination with respect to the equator is
determined only by Jaunch site and direction, whileinclination with respect to the ecliptic also depends onlaunch
date andtime. The inclination to the ecliptic canbechanged a launch, at transfer-orbit insertion, or at the time of
orbit circularization; a change requires the least energy if perforined at the titne of orbit circularization. At that time,
a changeininclination of 15 deg would cause a penalty of about 25 kg in delivered payload, while a change of 25 deg
would lead to a penalty of about 65 kg.

6.2 Power reguirements

The current estimate for the 101 N'I'S power consumption is a peak power of 670 Watts and anaverage power
of 6(10 Watts,including a25% contingency ineach case, A 4.8 n-diamcter circular solar panelwith silicon cells and
a low-emittance rear surface would provide an operating temperaturc of 100 deg C, a which temnperature the array
could provide 800 Watts after 10 years of operation. (Gallium-arsenide cells could provide nearly twit.c as much power
but do not appear to be required. ) Thus, the size of the solar shield is determined by requircinents on shading the
spacecraft and target accessibility, rather than power requirements. T'wo Nill batteries providing a combined capacity
of 3200 Watt-hr have been assuined; a discharge of less than 40% would be required for full operation even during the
maximum Sun-occultation time of approximately 1.8 hr.Inemergencies that cause the spacecraft to go into a safing
modcandscarch for the Sun, fu]]-power operation of the attitude- control, teleinetry, and computing subsysteins could
bhe maintained for as long as ten hours without solar power, with operation a a lower power possible for a much longer
period.

6.3 Spacceraft velocity determination

T'he right- angle orientation of the two POINTS interferomcters accentuates the need to correct astrometric mea-
surcinents for the effect of stellar aberration, which produces an error inangular measurements that scales lincarly
with the spacecraft velocity and the sine of the angle between stars. In order for this error to be sinaller than 1.0 jeas,
the POINTS s])accc.rail velocity must be determined to better than 1.5 nnn/s;in fact, the strategy described below
is capable of determining the spacecraft velocity to better than 0.6 min/s (0.4-pras error contribution). In high Farth
orbit, the primary external source of disturbarice to the spacecrafl acceleration is solar radiati onpressure, the eflects
of which can be modeled quite accurately for the nominal POINTS configuration.  ¥flects from atmospheric drag
and anomali cs in Barth’s gravitational field, which dominate the ulnnodeled spacecraft acceleration in low orbits, arc
negligible. Calculationis show that the typicalrate of leakage from the cold-gas systein also will give small accelerations
compared to the uncertainties in the acecleration due to solar radialion pressurc.

At a radius of 100,000 km, POIN'TS would be well outside the constellation of Global Positioning System G]’Sa
satellites (~27,000 ki orbital radius). Although this makes it impractical to deterinine velocity by using an on-board

GPSrecciver, the alternative of having POINTS mniinic a GPS satellite is predicted to mectthe velocity requirements.!®
POINTS would carry a G1's-like beacon having multiple tonesiuthe frequency ranges of 1.2- 1.6 GHz (1, band) or
ncar15 GHz (Ku band); the multiple tones are used to correct for ionospheri ¢ effects. The beacon would be tracked by
cight-chaunel GPSreceivers located aroundthe world, with each receiver simultancously tracking seven GI’S satellites
and POINTS. Using only the six TOPEX sites andtrack ing for only two hours out of every eight, the predicted velocity
crror for POINTS wouldbe about 0.1 /s after asingle four-day orbit. Bven after another six days without tracking
data, the velocily uncertainty would grow to ouly 0.25 1mmn/s, still meeting the requiremnents. Thus, it is likely that
the POINTS velocity requirements could be et with atracking duty cycle under 10%.

The spacee raft and ground hardware required for the orbit deterinination would be simple. The spacecraft would
broadcast a low-p ower signal (broadcast power of approximately 1.5 Watts) through one of a pair o { switched omni-
directional (3 dB3) antennas. Since omnmi-directional antennas could beused, there would be no need to interrupt the
scientific obscrving to point these antennas at the Parth.,  Occasional interruptions in the beacon signal would be
requiredinorderto change from one antenna to the other, but this is of little consequence giventhe low requirciment
for the overall tracking duty cycle. Simiple modeling of the antenna position relative Lo the spacecraft center of mass




should suflice to reduce all beacon data to the proper reference frame. Anultra-stable oscillator with frequency stability

6f/f =~ 7 x 10" ! over oncsccond (or 7 x 10'?atKuband) is required on board to enable a coherent integration
time of about one sccond, which should be adequate to detect the beacon signal. The total mass of the spacccraft
Lhardware would beabout 5 kg, with a total power consumption of 20 Watts. If the standard GPS L-band channel were
employed, ofl-the-shelf GPSreceivers with ommi-dircctional antennas could be used onthe ground. Use of Kuband
would require provision of ground antennas with about 20 dB of gain (corresponding to beamwidths on the order of
15 deg, or antenna diameters onthe order of 10 cm) that would provide the input to one channel of cach GPS receiver,
a rclatively simple and inexpensive addition to each ground ohserving station. In this case, it would be neeessary to
estinate the delay between dlc Ku- and L-band signals in the ground reccivers, which may be the largest contributor
to the velocity error quoted above.

6.4 Telemetry and data storage

POINTS will have two detector arrays for each of the two interferoineters. The current proposal is that cach
detector be divided into 650 optical frequency bands. If the photon count from each band is accninulated for one
sccond and stored as a 16-bit number, the interferometer data rate would be approximately 42 kilobit/s, with a total
data rate of about 50 kilobit/s after adding 20% to account for metrology data and other overhead. The spacecraft
science data would be downlinked daily for anhour or less. Assuming 15 hours per day of actual observing and a
one-hour downlink, the required telemetry rate (with no data compression) would be 750 kilobit/s.

An S-band (2.3 -GHz) downlink from an omni-dircctional antenna is assuimned. T'wo switched antennas, located on
opposite sides of the spat.ccraft, would be used. If the downlink occurs during an observation sequence, it would be
necessary to switchbetween the two antennas occasionally, increasing the total timerequired for the downlink by up
to a few minutes per day. Alternatively, since only one hour of each day would be required for the data downlink, 1t
also would be possible Lo siop observations to perforin both the uplink aud downlink as well as to acquire a substantial
quantity of orbit-deterimination data.

The groun d receiving antennas for the telemetry would be the standard Deep Space Network (])SI? 26-11 antennas
used Yor highkarth ofbiters; these antennas arc located in California, Spainand Australia. Yor a 2-dBloss in signal-to-
noiseratio relative tothat for a clear, dry atimosphere, atransinitted power of 7.5 Walls would be adequate to provide
a bit error rate less than 10°, even with simple quadrature- phase-shift- keying (QPSK) modulation. (Weather severe
enoughto cause a loss of 2 dI¥ or more should occur less than 5% of the time.) With the same transimitted power and
a 2.3- or 8G Hz downlink to thesubnet of 11-m antennas currently being constructed by the DSN, a phased array
or small fixed antennawouldbe required with a beamwidthonthe order of 30 deg (or larger, if morc sophisticated
data compression and modulation schemes were used). A maximumn of one hour per day would be require.d for the
data downlink; if a phased array were placed on the outside of the instrument housing opposite the spacecraft bus,
the downlink requireinent might be reduced to several minutes per day. The high Earth orbit oflers a long period
of visibility for cach ground station; this provides flexibility in scheduling the downhink, reduces conflicts with other
missions, minimizes the overhead time required for ground- stationsetup, and avoids operational problems assoc. 1ated
with anced for multiple downlink sessions cach day over a 9- to 10-year nission.

With the above scenario for teleinetry transinission, at least onc day of science data must be recorded on the
spaccecraft. At, a dat a rate of H0 kilobit /s for 15 hr, the total quantity of data accumulatedin a single day would be
about 340 megabytes. Thus, the baseline of 500 megabytes of solid-state inemory that has been selected for the Cassini
mission also would be a good choice for POINT'S. Storage capability could be iimproved by increasing the amount of
solid- st at cmemory or planning soine on-board data comnpression.
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